Cerebral blood flow was measured using 133 xenon in forty-five baboons lightly anesthetized with pentobarbital. Blood flow varied between 62 and 82 ml/lOOg/min in gray matter and between 15 and 21 ml/lOOg/min in white matter. Hypercapnia and hypoxia caused a rise in blood flow and a fall in vascular resistance. Blood flow was independent of mean arterial blood pressure over the range 60 to 130 mm Hg. Section of the cervical sympathetic nerve enhanced the vascular response to CO 2 . Stimulation of the sympathetic nerve caused a reduction in blood flow in proportion to the initial blood flow. Similarly, after sympathectomy, blood flow was uniformly higher than control over the range of Pa 0o tested (35 to 450 mm Hg). After sympathectomy, blood flow was little different from control at low blood pressure but was higher within the physiological range and blood flow then fell steadily as pressure was reduced. When the carotid, vagus, and aortic nerves were cut in the neck, the blood flow response to hypoxia and hypercapnia was reduced, and when the aortic or vagus nerves were stimulated centrally, blood flow increased independently of Pa c0 ,,-Section of the seventh cranial nerve caused small and variable changes in blood flow, but if the vagus nerves had previously been sectioned, stimulation of the seventh cranial nerve caused an increase in blood flow in some of the tests. These results indicate that cerebral blood vessels are under reflex control. Possible receptors and pathways involved are discussed.
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• From the examination of the brains of two men who died from exposure in 1821. Kellie (1) proposed that the volume of intracranial contents was limited and that no significant change in intracranial blood volume or vessel diameter was likely. This hypothesis received some experimental confirmation by Bayliss and Hill (2) , and it was concluded that cerebral blood flow followed changes in perfusion pressure passively. This concept had Received January 27, 1969 . Accepted for publication May 14, 1969. to be revised following the observation that pial vessels constricted in response to a rise in arterial pressure (3) and that CO^ caused vasodilatation. What remains unclear, however, is how far these vascular responses depend on intrinsic mechanisms and how far they are determined by the nerves which are known to supply cerebral blood vessels (4) (5) (6) . As a result of a number of early experiments, it was concluded that nerves played only a small part in cerebral vascular control, and this is implied by the frequent use of the term autoregulation (7) (8) (9) (10) (11) .
The cerebrovascular response to CO^ in the sheep fetus and newborn lamb can be modified following division of the vagus nerve (M. J. Purves and I. M. James, unpublished observations). This study has been extended to the adult baboon in which the intra-and extracranial circulations are more completely sepaarte. The results have been briefly communicated (12) .
Methods
Forty-five adult baboons (9 to 13 kg) were anesthetized with pentobarbital sodium (Nembutal, Abbott), 30 mg/kg ip. Additional pentobarbital was given through a femoral vein cannula at a rate of approximately 4 mg/kg/hour which ensured light anesthesia with a corneal reflex but without limb movements. The trachea was cannulated, and the pharynx and larynx were reflected in the midline to expose the carotid bifurcations. On the right side, the occipital artery and all the branches of the external carotid artery were tied with the exception of the lingual artery into which a fine cannula was introduced so that its tip lay in the carotid sinus region. Through this cannula, blood samples were withdrawn, the radioactive tracer was injected, and earlier when the dissection was complete, 4 to 8 ml Hypaque contrast medium was injected to confirm, by angiography, that the internal carotid artery and its branches only were filled ( Fig. 1 ). Care was taken to avoid trauma to the internal carotid artery, the superior cervical and nodose ganglia and their branches; the right sinus nerve was usually cut. In ten animals, a polyethylene loop was placed in the right internal jugular vein, the cephalic tip of which lay in the jugular bulb. Right cerebral angiogram in the baboon following ligation of right occipital artery, external carotid artery, and branches. Contrast medium injected via lingual artery cannula (L.A.) is shown to fill the common carotid artery (C.C.), the stump of the external carotid artery (E.C.) and the internal carotid artery (I.C.) and its branches. Filling of superior and inferior orbital branches of the ophthalmic artery was usually Through a sidearm from this loop samples were withdrawn and the venous pressure was measured continuously with a Statham PM131 TC transducer. These animals were given heparin (Pularin, Evans), 15 mg/kg iv. Systemic arterial pressure was measured continuously from a femoral artery catheter with a Statham 23 AC transducer, and as for jugular venous pressure, zero reference was taken as the midthoracic point with the animal lying on its side. Mean arterial pressure was obtained electronically.
Blood gas tensions and pH were measured immediately using appropriate Radiometer electrodes and an E.I.L. capillary electrode and Vibron electrometer. The electrodes were calibrated at intervals with accurately known mixtures of O 2 in N 2 and CO 2 in air. The pH electrode was calibrated with standard phosphate buffers before and after each pair of readings. Rectal temperature was maintained at 37 ± 0.5°C throughout the experiment with the use of a thermostatically controlled blanket (13) and additional radiant heat. Arterial hematocrit was measured after every 2 or 3 measurements of blood flow using a centrifuge at 5000 rpm for 30 minutes.
When the dissection was complete, all the animals were paralyzed with gallamine triethiodide (Flaxedil, May and Baker), 15 mg/kg, and ventilated mechanically, pentobarbital being given at the same rate throughout the experiment. Alveolar (end-tidal) Pco 2 was monitored with a Beckman LB1 infrared CO 2 analyzer which was regularly calibrated with mixtures of CO 2 in air. Alveolar Po 2 was altered by giving various mixtures of O 2 in N 2 . Mean arterial blocd pressure was altered by bleeding the animal and replacing blood in steps. When a change in either alveolar Po 2 or Pco 2 was made, the other arterial blood gas tension was maintained constant by adjusting the inhaled gas mixture. Similarly, alveolar gas tensions were held constant during changes of arterial pressure since it was found that hypotension (< 60 to 70 mm Hg) was associated with a fall in Pa,. o ., and variable changes in Pa,-,,,. When a steady state with respect to blood gas tensions and mean arterial pressure had been achieved, cerebral blood flow measurements were made and blood samples were taken for analysis toward the end of these measurements.
In many experiments, the right cervical sympathetic nerve, and in some cases the right vagus nerve, was divided in the neck. In two baboons in which it was specifically looked for, the right aortic depressor nerve was found to run separately between the sympathetic and vagus nerves over the length for which these nerves Circulation Research, Vol. XXV, July 1969 were exposed. The depressor nerve was further identified by dividing it and demonstiating that stimulation of the central end caused a fall in arterial pressure. For stimulation, the central cut end of the nerves was laid across silver electrodes positioned in a container filled with mineral oil. The voltage used for stimulation of the sympathetic nerve was that which caused sustained papillary dilatation and pilo-erection over the head and neck; for the vagus or aortic nerves, that which caused a decrease of 10 mm Hg or greater in mean arterial pressure. This fall in pressure was usually transitory despite continuous application of the stimulus; preliminary experiments indicated that the vascular response to stimulation was complete in 30 to 45 seconds. The stimulus was therefore applied for 1 minute before and throughout the 12-to 15-minute period of flow measurement.
In ten baboons, the right seventh cranial nerve was approached by suboccipital craniotomy, the animals being placed for the dissection in the sitting position. The lateral part of the right cerebellar hemisphere was removed by suction and the seventh and eighth cranial nerves were exposed. After control responses had been obtained, the seventh and eighth cranial nerves were cut as close as possible to their origin in the medullary-pontine angle. In further experiments with the animals prone, the distal cut end of the seventh cranial nerve was stimulated using a balltype electrode placed at the internal auditory meatus. Section of the seventh cranial nerve was always confirmed at autopsy.
MEASUREMENT OF CEREBRAL BLOOD FLOW
A method using intra-arterial injection of lss xenon similar to that described by Hoedt-Rasmussen et al. (14) was used. Fifty microcuries of 133 xenon in 1 to 2 ml normal saline were injected into the internal carotid artery over a 10to 15-second period. This gave rise to a short plateau of activity followed by a decay curve which was measured with an external counter placed over the midparietal area on the injection side. The counter was collimated and consisted of a thallium-activated Nal crystal 4 cm in diameter and 2.5 cm thick. After a number of measurements had been made, background activity invariably increased over the orbit which introduced a diird component with a comparatively long half time of 20 to 25 minutes into the washout curve. The procedure was therefore modified by placing the animal's head in a cylindrical lead shield of wall thickness 2.25 cm, with a section removed to allow access to vessels and nerves in the front of the neck. A hole 3.4 cm in diameter was drilled over the midparietal area for counting. When this shield was used, the Circulation Research, Vol. XXV, July 1969 washout curve was not affected by a third component, and repeated measurements were possible.
The brain : blood partition coefficient, X, was measured in four in-vitro experiments using the methods described by Veall and Mallett (15) . Values for the solubility of 133 xenon in various tissues are given in Table 1 . From these values, the gray-white ratio in homogenized brain was calculated to be 52/48.
INTERPRETATION OF RESULTS
The basis of this method requires that the injection should approximate to a delta function. In practice, the period of injection should be small in comparison with the half times of the fast and slow components. We tested the effect of altering the period of injection over the range 5 to 30 seconds under constant blood flow conditions. As would be predicted, the further the injection departed from a delta function, the greater was the sum of integrals which constituted the decay curve. Thus, the longer the period of injection, the greater number of points contributed to the slow component when the decay curve was plotted as the log of activity against time and the fewer contributed to the fast component. Since the decay curves were analyzed graphically, this led to inaccuracy in determining the slope of the fast component. On the other hand, if the injection was made rapidly, i.e., in under 3 seconds so that there was no obvious plateau of activity, proportionately more points contributed toward the fast component slope. Irregularities in the initial part of the decay curve, for which a low time constant on the ratemeter was used, tended to be enhanced with such rapid injections with consequent loss of accuracy.
Although the shape of the decay curve changed as indicated above with the period of injection, the slopes assigned to the fast and slow components did not alter for injection periods over the range 5 to 30 seconds. An injection period of 10 to 15 seconds was therefore decided Means ± SD of four experiments are given. on which, for purely practical reasons, gave the greatest accuracy for this method of analysis.
The slopes of the semilogarithmic plot of the components of the decay curve had half times of approximately 10 and 5.0 minutes. Sufficient evidence is now available from measurements in a number of species to indicate that the fast and slow components of this curve represent blood flow through gray and white matter, respectively (16, 17) . From a knowledge of the ratio of gray to white matter in the brain, it has been possible to compute average cerebral blood flow. Values of this have been used (a) to estimate changes in cerebral oxygen consumption and (b) to compare the results of this with other reported series.
Results

THE METHOD
Preliminary measurements of cerebral blood flow were made consecutively at constant arterial blood gas tensions and pressure in two baboons with the successive removal of scalp, bone, and dura mater in the area under the external counter. The washout curves thus obtained showed no significant change, and it was concluded that if activity in vessels in extracranial vessels or bone was being counted, such activity was so small in comparison with intracranial blood flow that it could be ignored. Blood flow was measured on twelve successive occasions in one baboon at constant blood gas tensions and mean arterial pressure. The coefficients of variation in blood flow were 5.7% for gray matter and 7.8% for white matter. The error involved in calculating blood flow from graphical analysis of the tracer washout curve was estimated by giving a single observer a random series of twenty curves to analyze on two occasions separated by a month. Values for blood flow calculated from the slope assigned to the fast component varied by ± 7.1%, and those from the slow component slope varied by ± 4.8%. At high rates of blood flow > 120 ml/lOOg/min, this error increased to ± 18.4% due to irregularities in the rapidly falling initial part of the washout curve and consequent inaccuracies in plotting the first part of the semilogarithmic curve.
Effect of cervical sympathetic section and stimulation on the cerehrovascular response to CO 2 . A: The relation between cortical blood flow and Pa co (upper graph) and the reciprocal of cortical blood flow (units, [1/F] X 10 s ) and Pa co (lower graph
NORMAL VALUES
With Pa 0; , in the range 88 to 102 mm Hg, Pa c o 2 36 to 42 mm Hg, pH 7.383 to 7.408, and mean arterial pressure 85 to 100 mm Hg, blood flow in gray matter varied between 62 and 83 ml/lOOg/min and that in white matter between 15 and 23 ml/lOOg/min. Calculated mean cerebral blood flow varied between 48 and 57 ml/lOOg/min (average 52, SE±1.2 ml/lOOg/min). Figure 2 , A and B, shows the control response (closed circles) of blood flow in gray matter and white matter, respectively, as Pa C o 2 was altered at constant Pa 0 .,, 96 mm Hg over the range 25 to 70 mm Hg in one representative experiment. Figure 2A shows that changes in blood flow in gray matter, Pa c o 2 < 40 mm Hg, were slight but that flow increased markedly as PaCo<» was progressively raised above 40 to 45 mm Hg. Since the response of blood flow in gray matter to CO2 was similar to an hyperbola, a convenient method of estimating the response was to plot the reciprocal of blood flow (units [1/F] X 10 s ) against Pa C o<. ( Fig. 2A , lower graph).
EFFECT OF ALTERING PARTIAL PRESSURE OF CARBON DIOXIDE IN ARTERIAL BLOOD
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Such a plot consisted of two straight lines and showed that the slope of the line at Paco<> > 45 mm Hg was considerably steeper than at Pa C Oo < 40 mm Hg. The average slope of the curve in 23 tests at Pa c o, < 45 mm Hg was-0.14 units/mm Hg Pa c 0,, SE± 0.007. At PaCOo > 45 mm Hg, the average slope was-0.31 units/mm Hg Pa co ., SE± 0.012. The difference between the means of the slopes for Pa c o. i < and > 45 mm Hg is significant, t = 5.8 and P < 0.001.
The curve relating blood flow in white matter to PaCo, (Fig. 2B ) was virtually linear for Pa c o., between 25 and 70 mm Hg, except that in 6 of the 23 tests, blood flow increased more sharply at PaCo., > 60 mm Hg. The average slope of this curve in 23 tests was 0.46 ml/lOOg/min/mm Hg Pa c0 ,, SE ± 0.019.
The relation between calculated mean cerebral blood flow and Pa c oo consisted of a curve in which the maximum sensitivity (A flow/A Pa C o,) occurred when Pa Ooo was between 40 and 55 mm Hg. Within this range, the curve was virtually linear and the average slope for the group of 23 tests was 1.22 ml/lOOg/min/rnm Hg Pa 0o2 , SE ± 0.026.
As Pa c o<, was raised, mean arterial pressure increased by between 9 and 15 mm Hg. The average vascular resistance of gray matter in 23 tests when Pa c oo was between 35 and 42 mm Hg was 1.03 units (mm Hg/ml/100g/ min), SE ± 0.01. For PaCOo within the range 55 to 70 mm Hg, the resistance was 0.73 units, SE ± 0.03. The difference between the means is significant, P < 0.025.
Vascular resistance of white matter was not significantly different between these ranges of Pa o o o , P > 0.5.
EFFECTS OF SYMPATHECTOMY
In nineteen animals, the ipsilateral cervical sympathetic nerve was cut, and the response of blood flow in gray and white matter to changes in Pa c o 2 was again measured. The responses are shown for one typical experiment in Figure 2 Figure 2A . With Pa C o 2 <45 mm Hg, the average value for the control slope was -0.14 units/mm Hg Pa C oo, SE ± 0.007. Following sympathectomy, the average value for the slope was -0.09, SE ± 0.003. The mean values do not significantly differ, £ = 0.07 and P > 0.5. With Pa c0 , > 45 mm Hg, the mean value for the control slope was -0.31 units/ mm Hg, SE ± 0.012, and following sympathectomy, the value was-0.44, SE± 0.028. The difference between the mean values is significant, t=11.7 and P< 0.001. As shown in Figure 3 , the increases in flow on sympathectomy were most marked at high PaCo 2 -Sympathectomy caused an increase in the response of blood flow in white matter to CCX in all animals tested. The increase in blood flow was most obvious as PaCo 2 was raised above ca. 40 mm Hg ( Figure 2B Relation between the change in cortical blood flow (ordinate) following cervical sympathectomy (left) and during stimulation of the cervical sympathetic nerve (right) and baboons.
Pa co (abscissa). Fifteen tests in six slope of the curve relating blood flow in white matter to Paco-> wa s 0.46 ml/lOOg/min/mm Hg Pa C o 2 , SE± 0.019 in 23 tests, and after sympathectomy, the average slope was 0.58 ml/lOOg/min/mm Hg Pa C02 , SE± 0.027. The difference between the mean values for the slopes before and after sympathectomy is significant, t = 11.8 and P < 0.001. The effects of sympathectomy upon vascular resistance of gray matter were measured in the group of 19 animals as Paco 2 was altered over the range 30 to 65 mm Hg. With Pa COo in the range 30 to 40 mm Hg, vascular resistance of gray matter fell by an average of 0.15 units, range 0.07 to 0.19 units. With Pa C o, in the range 45 to 65 mm Hg and with sympathetic nerves intact, the average slope of the curve relating vascular resistance of gray matter to Pa C o., was -0.27 units/mm Hg Paco >« SE ± 0.002, and following sympathectomy the average slope of the curve was -0.13 units/ mm Hg Pa C o 2 , SE ± 0.001. The difference between the means is significant, t = 3.12 and P<0.01.
The effect of sympathectomy upon vascular resistance of white matter was also measured in the group of 19 animals within the range of Pa C o.. 30 to 65 mm Hg. With sympathetic nerves intact, the average slope of the curve relating vascular resistance of white matter to Pa c 0,, was -0.031 units/mm Hg Paoo<» SE ± 0.007, and after sympathectomy the average slope was -0.052 units/mm Hg Pa C o 2> SE± 0.008. The difference between the mean values is significant, t = 2.53 and P < 0.025.
EFFECTS OF STIMULATION OF THE CERVICAL SYMPATHETIC NERVE
When the distal cut end of the ipsilateral cervical sympathetic was stimulated at 2 to 10 impulses/sec, 15 v and 100-yxsec duration, blood flows in both gray and white matter were reduced as indicated in the experiment illustrated in Figure 2 , A and B, respectively (triangles). In this and in other experiments, it was clear that although the frequency and intensity of stimulation were kept constant over the range of Pa o o 2 indicated, the reduction in blood flow was proportionately greater at high Pa c o., when initial (i.e., after sympathectomy) blood flow was highest. This relation was observed in all animals tested, and the responses seen in 15 tests in 6 baboons are shown in Figure 3 . The relation between the level of Pa C o<> and sympathetic stimulation was explored further in one experiment. The results are shown for gray and white matter in Figure 4 , A and B, respectively. Intensity of stimulation was maintained at 15 v and 100-(Jisec duration while the frequency of stimulation was increased in steps. When Pa co« was maintained constant at 54 mm Hg, blood flow was most markedly reduced with a frequency of stimulation of up to 5/sec. At lower levels of PaCo 2 > the reduction in blood flow with increasing frequency of stimulation was more gradual. The results of these experiments provide further evidence that the effect of sympathetic stimulation upon cerebral vessels is more obvious at high CO2.
EFFECTS OF ALTERING PARTIAL PRESSURE OF OXYGEN IN ARTERIAL BLOOD
The response of blood flow in gray matter to changes in Pa 0o over the range 28 to 400 mm Hg at Pa C o^ between 41 and 44 mm Hg is shown in one experiment in Figure 5 (circles). In this and in one other experiment, the response was repeated at a higher level of Pa COo , 53 to 57 mm Hg (squares). In both tests, blood flow in gray matter at the higher CO 2 was uniformly 30 to 35 ml/lOOg/min higher than control over the range tested. There was thus no evidence that CO? potentiates the vascular response of gray matter to hypoxia, and this is consistent with the findings in man (18) .
Satisfactory repeated responses to alterations in Pao 2 at constant Paco> before and after section of the cervical sympathetic nerve were obtained in eight of nine baboons. In the other, large and variable changes in arterial pressure made steady conditions impossible. The effect of cervical sympathectomy upon the blood flow response in gray matter to hypoxia is shown for one experiment in Figure  6 . A similar change was observed in white matter flow. The simplest treatment of these curves is to regard them as rectangular hyperbolas for which the equation is y = 1/x. Relation between cortical blood flow and Pa 0 two levels of Pa co (mm Hg): solid circles, Pa 00 -41 to 44; squares, Pa c0 = 53 to 57.
Using the expansion, y -y k = tan 9/x-x k , where y k is the value for the asymptote at infinitely high Pa 02 , x k is the asymptote at infinitely high gray matter blood flow, and tan 0 the slope of the graph y' =l/x' when y' = y -y k and x' = x -x k , y k and x k were determined for each curve. The results are summarized in Table 2 and indicate that sympathectomy was associated with a significant increase in the value for y k , 27 ml/lOOg/ min; x k was unaffected.
The changes in blood flow in white matter shown in Figure 6 , bottom, were similar to those seen in gray matter and are illustrated for the same experiment as that shown in Figure 6 , top. The absolute increase in blood flow in white matter as Pao 0 was lowered from normal to ca. 40 mm Hg averaged 4.2 ml/lOOg/min, and this represented an average increase of 24.7% above control at normal Pao 0 ; compare the average increase in blood flow in gray matter of 38.3% under the same conditions. Following sympathectomy (Fig. 6 , bottom, open circles), no obvious change in blood flow in white matter was observed at high Pa Oo , > 150 mm Hg in four baboons; in the other four baboons, a small increase of between 2 and 4 ml/lOOg/min was observed within this range, but this represents the approximate limit of the error of the method. As Pao<, was lowered to ca. 40 mm Hg, white matter increased above control values (with sympathetic nerves intact) by between 3 and 7.5 ml/lOOg/min. As is shown in Figure 6 , bottom, a slight inflection of the curve occurred after sympathectomy at low Pa o , so that the average value for blood flow in white matter at low Pa 0o was 5.6 ml/lOOg/min above that at normal Pa Oo . The increase in blood flow in white matter following sympathectomy is significant both within the normoxic range (80 to 100 mm Hg), t = 6.2 and P< 0.001, and with hypoxia (<45 mm Hg Pa 0 ,), * = 5.8 and P < 0.001. When Pa o ,, was lowered to between 30 and 40 mm Hg, systemic blood pressure rose by up to 20 mm Hg above control. Cerebrovascular resistance was calculated from mean cerebral blood flow in three baboons for PaO o within the range 80 to 95 mm Hg and 28 to 35 mm Hg. The average value at normal Pao., was 1.12 units and fell to an average of 0.87 units at low Pa oo-Following sympathectomy, the corresponding average values within the same ranges of Pao 2 were 0.97 and 0.71 units, respectively. These changes in cerebrovascular resistance are significant: prior to sympathectomy, £ = 7.1 and P<0.01, and after sympathectomy, t = 5.3 and P < 0.05.
The distal cut end of the ipsilateral sympathetic nerve was stimulated at 5 to 10/sec, 15 v and 100-/asec duration, in three experiments over the range 35 to 450 mm Hg. The effect is shown for one experiment in Figure 6 , top, (triangles). In this and in the other two experiments, sympathetic stimulation caused a fall in blood flow in gray matter to levels which were similar to those seen prior to sympathectomy. There were similar reductions in blood flow in white matter.
EFFECTS OF ALTERING MEAN ARTERIAL PRESSURE
The results from 13 experiments are sum-Circulation Research, Vol. XXV, July 1969 marized in Figure 7 . In each experiment, a control curve was obtained in which blood flow in gray matter was measured at constant Pa 02 (85 to 97 mm Hg) and Pa C02 (37 to 41 mm Hg) while mean arterial pressure was altered over the range 30 to 140 mm Hg. A second curve was obtained at the same arterial gas tensions following sympathectomy, and in nine experiments, a third curve as the sympathetic nerve was stimulated at 5 to 10/sec, 15 v and 100-/Asec duration. The form of relation between blood flow in gray matter and mean arterial pressure suggested that it could be described by an asymptotic regression of the form flow = a + b exp. (c • pressure) + random error, where a, b, and c are constants. These constants and their standard errors were calculated for the three groups of curves, control, following sympathectomy, and during sympathetic stimulation using a standard computer program (19) . Figure 7 indicates that when mean arterial pressure was lowered to between 30 and 40 mm Hg, blood flow in gray matter in the three groups was virtually identical. As pressure was raised, the curves relating pressure to flow diverged, and this was most obvious between the control and sympathectomy curves. The asymptotic values for each curve at high pressure were calculated, and the results are summarized in Table 3 . The 95% confidence limits for the control and postsympathectomy groups are shown in Figure 7 . Following sympathectomy, blood flow in gray matter increased significantly at high blood pressure. Stimulation of the sympathetic nerve caused a reduction of blood flow to levels which did not differ significantly from control. Similar conclusions were derived for white matter and mean cerebral blood flow as shown in Table 3 . Figure 7 also shows that the shape of the curve relating blood flow in gray matter and mean arterial pressure during the control period differed from that after sympathec- 
Effect of Sympathectomy and Stimulation of the Sympathetic Nerves upon the Cerebrovascular Response to Changes in Mean Arterial Pressure-Asymptotic Values for Cerebral Blood Flow at High Blood Pressure
Relation between cortical blood flow and Pa c0 with nerves intact (solid circles), following section of ipsilateral vagus (open circles), and during stimulation of central cut end of vagus (triangles), in one experiment.
tomy. When the sympathetic was intact, blood flow had fallen by an average of 10% of its value in the physiological range when mean arterial pressure was reduced to between 55 and 60 mm Hg. After sympathectomy, however, blood flow in gray matter fell steadily as mean arterial pressure was reduced in steps from 130 down to 70 mm Hg. Similar changes were observed with blood flow in white matter following sympathectomy.
EFFECTS OF VAGOTOMY AND VAGAL STIMULATION
In four animals, the cerebral vascular response to changes in Pa C09 was tested before and after the vagi and remaining (left) sinus nerve were cut. In two other animals, the aortic depressor nerve on the right side was identified, and similar tests were carried out with the vagi intact. The results were qualitatively similar and will be presented together. A third CO 2 response curve was obtained in each animal when the central end of the right vagus or aortic nerve was stimulated at 25 to 40 impulses/sec, 30 v and 100-/u,sec duration. The effective stimulus was that which caused a fall in mean arterial blood pressure of greater than 10 mm Hg. This effect was transient and mean arterial blood pressure had returned to near control levels by the time that cerebral blood flow was measured.
The results of one such experiment are shown for blood flow in gray matter in Figure  8 . Following vagotomy, the curve relating flow in gray matter and Pa0o was rotated with respect to the control curve so that when Pa c oo was less than ca. 45 mm Hg, flow was slightly higher, by up to 14 ml/lOOg/min. As Pao, was raised above 45 mm Hg, the pronounced increase in flow seen in the control curve was virtually abolished and blood flow increased almost linearly up to 70 mm Hg Pa0o-The vascular response to CO before and after vagotomy was estimated by comparing the slope of the steep part of the curve during the control period with the slope of the curve after vagotomy. In the group of four animals, the average slope of the curve relating flow in gray matter and Paco, at Pa C oo > 45 mm Hg prior to vagotomy was 3.2 ml/lOOg/min/mm Hg Paco.; after vagotomy, the average slope was 0.85 ml/lOOg/min/mm Hg Pa COo . The difference between the mean slopes is significant, t = 10.1 and P < 0.001.
The curve relating blood flow in white matter and PaCo., was variably affected. Following section of the aortic depressor nerve only (two animals) or the vagus nerve (two animals), the vascular response of white matter to an increase in PaCo., was virtually abolished. In two other animals, the response was unchanged from control.
When the central end of the vagus or aortic nerve was stimulated, the most striking effect was the increase in blood flow in gray matter at Pa co , > 45 mm Hg; on nine occasions in four animals on which it was tested, flow in gray matter increased by between 45 and 84% of initial values. Below this level of Pa C o 2 . vagal stimulation caused either no change or, on four out of seven occasions, a small reduction in flow. Vagal or aortic nerve stimulation caused increases in blood flow in white matter which did not exceed the error of measurement.
In four animals, the responses to changes in Pa o2 were also measured before and after vagotomy. Under control conditions with vagi intact and with Pa C o 2 held constant at 38 mm Hg, a reduction of Pa o , from 90 to between 28 and 33 mm Hg was associated with increases in blood flow in gray matter of 56, 63, 71, and 74%. In the first animal, the curve in response to hypoxia following vagotomy was indistinguishable from the previous curve with nerves intact. In the second two animals, following vagotomy, flow in gray matter increased by only 15 and 28% of control at Pa Oa 30 to 33 mm Hg, Pa C o 2 again being maintained at 38 mm Hg. In the fourth animal, a similar degree of hypoxia following vagotomy was accompanied by hypotension, bradycardia, and cardiac arrhythmias, and no satisfactory flow measurements could be made. Relation in one experiment between cortical blood flow and Pa 00 with nerves intact (solid circles), following division of intracranial root of seventh and eighth cranial nerves (open circles), following subsequent vagotomy (triangles), and during stimulation of distal cut end of seventh and eighth cranial nerves, at a frequency of 10/sec, 20 v, and 100-/xsec duration (crosses).
In two baboons, the effect of lowering mean arterial pressure was tested before and after vagotomy. With intact nerves, the curves were as those described in a previous section, blood flow in gray matter being 72 and 67 ml/min/lOOg within the physiological range of pressure falling to 41 and 39 ml/lOOg/min respectively at a mean arterial pressure of 40 mm Hg. Following vagotomy, the initial flow rates in gray matter within the same pressure range were 74 and 63, respectively; when the pressure was reduced to 50 mm Hg, one animal died with sudden hypotension and cardiac arrest. Blood flows in gray and white matter in the second animal were unrecordably low, blood was rapidly replaced and the experiment abandoned.
EFFECT OF SECTION AND STIMULATION OF THE SEVENTH CRANIAL NERVE
In a preliminary series of experiments on four baboons, it was established that the operation of suboccipital craniotomy and removal of part of the right cerebellar hemisphere did not affect the cerebrovascular response of gray or white matter to CO 2 . Figure 9 indicates, from one experiment, the changes in blood flow in gray matter with altered Paoo before and after section of the seventh cranial nerve. Such a response, in which the slope of the steep part of the CO2 response curve was slightly depressed, was seen in two of four baboons. In the other two animals, no change was noted in the curve after facial nerve section. When the seventh nerve was stimulated at a frequency of 15 to 35 impulses/sec, in the two latter animals, no changes in flow in gray or white matter were observed. In the two animals in which the slope of the CO2 response curve was reduced following section of the seventh nerve, stimulation of the seventh nerve on seven occasions caused an increase in flow in gray matter of between 28 and 55% of initial values and in white matter of between 15 and 74%. These increases in blood flow occurred irrespective of the level of Pa C o 2 -It should be noted that failure to obtain any change in blood flow when the seventh nerve was stimulated could have been due to factors which were difficult to control. First, since the animals were paralyzed with gallamine, no direct confirmation of the seventh nerve stimulation was possible. Secondly, the electrode tip could only just be visualized and it proved difficult to keep the area clear of cerebrospinal fluid. Figure 9 also shows the effect in one of three animals in which the ipsilateral vagus was cut following section of the seventh nerve. This caused a clear depression of the slope of the steep part of the CO 2 response curve in each animal, in the previous section. When the seventh nerve was then stimulated, on 12 out of 18 occasions, blood flows in gray and white matter increased by between 22 and 110% and 15 and 88%, respectively, of initial (postvagotomy) flow rates; these changes are significant, t = 3.47, P< 0.005, and t = 2.62, P < 0.025, respectively. There was, as before vagotomy, no relation between the amount by which blood flow increased and the level of Pa C o 2 -
CHANGES IN CEREBRAL OXYGEN CONSUMPTION
Cerebral oxygen consumption was measured in ten baboons within the physiological ranges of Pa C o 2 , Pao 2 , and mean arterial pressure. The values obtained varied between 2.7 and 3.9 ml O 2 /100g/min, average 3.08 ±SE 0.14 ml/lOOg/min. In six of these animals, oxygen consumption was measured at four points during the response to changes in Pa C o 2 between 30 and 65 mm Hg. The A-V oxygen difference varied inversely with mean blood flow, r = 0.82 and P<0.01; there was, therefore, no significant change in oxygen consumption with change in PaC0 2 over this range.
Cerebral oxygen consumption was measured on twelve occasions before and during stimulation of the sympathetic in three animals while flow in gray matter was reduced by between 18 and 64% and flow in white matter by between 9 and 46% of initial flow rates. The A-V oxygen differences again varied inversely with mean cerebral flow, r = 0.74 and P < 0.01. The method of measuring cerebral blood flow with 133 xenon has a number of advantages over earlier methods which were either semiquantitative or else involved considerable amounts of surgery and vessel cannulation. On the other hand, the method employed in this and in other studies, using an intra-arterial injection of 183 xenon and counting exteriorly, measures regional blood flow, and it is difficult to determine precisely what volume of brain is being counted (14) . Nevertheless, it has been shown that values for mean cerebral blood flow derived by the xenon method agree closely with those obtained by the nitrous oxide method (20) . It has also been possible to show that the range of values for flow in gray and white matter obtained under control conditions in the present study are similar to those obtained by injection or inhalation of 133 xenon or 85 krypton in man (14, (20) (21) (22) (23) . Although we have calculated mean cerebral blood flow and although the values correspond closely to those in man, we have placed little reliance upon these values for two reasons. First, we have no evidence that mean blood flow values derived from measurements in the parietal area are representative for the brain as a whole, and secondly, we doubt whether values for mean cerebral blood flow are more than of slight physiological importance. Although there is good evidence that there is a bimodal distribution of blood flow which corresponds to perfusion of gray and white matter (24) , this almost certainly conceals a wide spectrum of rates of perfusion in different parts of the brain (25) .
CONTROL VALUES AND RESPONSES
We have confirmed that in the baboon, as in other species, hypercapnia and hypoxia cause cerebral vasodilatation and rise in blood flow (26) (27) (28) and that blood flows in both gray and white matter remain virtually constant within the range 50 to 130 mm Hg mean arterial pressure and only fall when perfusion pressure is lowered below this (29) . It has also been shown that cerebral oxygen consumption is unaffected by changes in Pa c o 2 from 30 to 65 mm Hg (30) or by changes in Pa 02 from 35 to 100 mm Hg (31) .
The shape of the curve relating calculated mean cerebral blood flow to Paco, is similar to that obtained by Reivich (32) in the rhesus monkey, and in both series, the maximum sensitivity to PaCo, was found to be 1.1 to 1.2 ml/lOOg/min/mm Hg Pa 0 o 2 within the range 45 to 60 mm Hg Pa c o.,-These results differ from those found in man anesthetized with halothane (27) , but in the latter, a linear relation between cerebral blood flow and PaCo 2 was derived from 24 measurements in 13 subjects.
EFFECTS OF NERVE SECTION AND STIMULATION
The most important observation in the present experiments is that the relation of cerebral blood flow to changes in Pa o o 2) Pa o2 , and mean arterial pressure can be modified by section or stimulation of the sympathetic and vagus nerves in the neck. We have to consider two questions. First, why do these experimental results differ from those of earlier studies, and second, what can be deduced about the way that the extrinsic nerves control cerebral blood flow?
Forbes and Wolff (33) first demonstrated a pathway mediated by sympathetic fibers which was vasoconstrictive for pial vessels in the cat, dog, and monkey. In subsequent experiments in which blood flow was measured using a thermocouple at various sites in the brain, it was shown that stimulation of the cervical sympathetic caused a reduction in blood flow of the parietal cortex and the hypothalamus of the cat (34, 35) but no change in blood flow in the medulla (36) . Stimulation of the facial nerve caused a rise in parietal cortical flow (37) , but no vasodilator effect was found when the aortic or carotid sinus nerves were stimulated.
A number of objections may be leveled at these experiments, and some are indeed admitted by the authors. In the first place, estimation of changes in blood flow by changes in the diameter of pial arteries or implantation of thermocouples is unlikely to yield other than qualitative results, and in none of these experiments is any indication given of the sensitivity of the methods. Secondly, in only a few experiments are details given of the prevailing arterial gas tensions or pressure. This is clearly of importance since we have shown that the effect of section or stimulation of the cervical sympathetic, for example, is affected by the level of Pa C o,-Thus it would be expected that if the cat was breathing or being ventilated at or just below its normal range of Pa c oo (28 to 32 mm Hg), the effects of sympathetic stimulation might be small and concealed in the errors of measurement.
The experiments of Dumke and Schmidt (38) have often been quoted to show that stimulation of the cervical sympathetic nerve is without significant effect upon cerebral blood vessels (7) (8) (9) (10) (11) . These experiments involved the implantation of bubble flowmeters in the internal carotid arteries of rhesus monkeys. It is probable that the surgery involved caused damage to nerves in the region since none of the animals showed more than at slight hyperpnea when given low oxygen to breathe. The flowmeters would be expected to add significantly to cerebrovascular resistance since a coil made of an unstated length of 22-gauge stainless steel tubing was used. When 10% CO 2 in O2 was given to these animals, the average increase in cerebral blood flow was only 5 ml/min from a resting value of 45 ml/min. Under comparable conditions, numerous other workers have found that blood flow at least doubles. Similar insensitivity to CO 2 has been observed when cerebral vessels are in spasm (39) . It is thus possible that the failure of these workers to demonstrate changes in cerebral blood flow upon stimulation of the sympathetic nerve may have been due to the effect of surgery and other factors upon the vessels.
The results obtained in the present series of experiments indicate that cerebral vasoconstrictor activity mediated by the cervical sympathetic nerves is variable but not negligible. Within the physiological range of blood gas tensions, mean cerebral blood flow increased by between 10 and 40% when the sympathetic nerves were cut. The divergence of the vascular response curves to changes in Pa oo and Pa C o.> before and after sympathectomy suggests that the vasoconstrictor activity increases with hypoxia and hypercapnia, and this is consistent with direct recordings of sympathetic activity (40, 41) . However, consideration of the data summarized in Figures 3  and 4 suggests that the cerebrovascular sensitivity to sympathetic activity is CO2 dependent.
The part played by the sympathetic innervation in maintaining constant cerebral blood flow in the face of changes in mean arterial pressure is not easy to explain in terms of what is known of the baroreceptor sympathetic pathways. It would be expected that the effect of sympathetic activity would be greatest at low blood pressure and lowest at high pressure; the opposite was observed. This raises the possibility that in the animal with all nerves intact, cerebral blood flow is controlled by activity in vasoconstrictor and vasodilator nerves. We have shown, for example, that when the vagus or aortic nerves are cut, the response to hypercapnia and hypoxia is reduced and that blood flow falls more precipitously as mean arterial pressure is reduced.
From these observations it may be deduced that in response to hypoxia and hypercapnia, both vasodilator and vasoconstrictor activity rises, and in both situations the net effect is one of vasodilatation. When mean arterial pressure is altered, the most obvious effect of vasodilator activity is at the lower pressures and of vasoconstrictor activity at higher pressures. The net effect is to maintain constant flow over the physiological range of arterial pressure. It may also be deduced that within the physiological range of blood gas tensions, both vasodilator and vasoconstrictor activities are minimal. From the present results, it would appear that vasoconstrictor activity is dominant and that, with hypoxia and hypercapnia, its function is to limit the rise in blood flow.
Such an interpretation of the results leaves a number of important questions unanswered. It can only be tentatively assumed at the Circulation Research, Vol. XXV, July 1969 moment, for example, that the receptors involved are the arterial chemo-and baroreceptors. It may be pertinent that the curves of blood flow in gray matter against Pa C o 2 and Pa o ., resemble closely those relating carotid body chemoreceptor and blood gas tensions (42) (43) (44) . Further, it has been shown that whereas activity from aortic baroreceptors rises as arterial pressure is raised, activity from chemoreceptors falls. If these receptors initiate varying proportions of vasoconstrictor and vasodilator reflex activity as blood gas tensions and arterial blood pressure are altered, then such a system would go some way to explaining the changes observed in this paper. Recently, it has been claimed (45) that arterial baroreceptors play little or no part in the regulation of cerebral blood flow in the dog. It should be noted, in the latter paper, that values for vascular conductance were derived from values of cerebral venous blood flow of some 10 ml/min (see their Figs. 2 and  3) , while a fall in perfusion pressure from 80 to 40 mm Hg was accompanied by a fall in blood flow of only 3 ml/min. These very low values for flow raise the question of how reactive the cerebral vessels were.
The activity mediated by the vagus or aortic nerve is presumably afferent, and since similar results were achieved whether the vagus and aortic nerve or aortic nerve alone was cut, it is most probable that the receptors which initiate reflex vasodilator activity are the aortic group of chemo-and baroreceptors. We have confirmed the observations of Chorobski and Penfield (46) and of Forbes et al. (37) that the facial nerve transmits cerebral vasodilator activity. Section of the facial nerve with the vagi intact, however, causes little change in the vascular response to COo, and we have interpreted this as suggesting that other important efferent vasodilator pathways exist, possibly in other cranial nerves, which can still be controlled by afferent activity in the vagus or aortic nerves.
Finally, we do not know how or at what reflex level vasoconstrictor or vasodilator activities interact upon cerebral vessels nor what the intrinsic response of cerebral vessels
to changes in blood gas tensions or arterial pressure is. Our results merely indicate that before such responses can be analyzed, the extrinsic nerves must be blocked or divided.
